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Abstract 
Experimental data analysis for testing centrifugal compressor stage on control modes by the rotor speed and the turning angle of 
the inlet guide vane blades changing was completed. The attack angles distribution in inlet section of the impeller along the blade 
height was received. A major difference in the attack angle from the head to the periphery is found to affect the polytropic 
efficiency stage. Recommendations for improving the regulating mechanism of the inlet guide vanes unit were given. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The most common used methods of centrifugal compressors (CC) operating modes regulation are the rotor speed, 
the turning angle of the inlet guide vane (IGV) blades variation for changing the flow spins in front of the impeller; 
inlet or outlet throttling.  The necessity to use a combined regulation, for example, a simultaneous changing the rotor 
speed and the turning angle of the inlet guide vane blades or inlet throttling etc. occurs when there is need in 
changing the gas-dynamic characteristics (GDC) of the compressor under some low for technical process 
maintenance, for example, in units of turbo internal combustion engines, gas-compressor units at compressor 
stations, low-temperature plants and other. 
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Fig. 1 centrifugal compressor stage scheme: 1 is semi-open 
axial-radial impeller; 2 is blade of inlet guide vane; 3 is radial blade 
diffuser; 4 is axial blade diffuser. 
The experimental method is regarded to be the most reliable way of getting GDC, and the curve form of input 
pressure and pressure ratio is obtained for a number of the throttle flap states from a fully open state to steady 
operation limit for the determined speed and the turning angle of IGV blades. Changing the CC speed or turning the 
IGV blades for the assigned position of the throttle flap (i.e. specified net characteristics) leads to displacement in 
position of operating points along so called “mode lines”. In summation, points on the mode line (net 
characteristics) are known as “similar”; and kinematic and dynamic analogy is performed for them according to self-
similarity conditions for Mach and Reynolds numbers. Self-similarity conditions for call Mach numbers are 
performed for ܯ௎ ൏ ͲǤ͸ǥͲǤͺ, in this case, polytropic efficiency on similar modes may be considered constant, that 
allows to use a recalculation method of GDC obtained at the same rotation frequency, on the other frequencies in the 
specified ܯ௎ range. 
Deviation from the execution conditions of dynamic similarity particularly under operating at high peripheral 
speeds (ܯ௎ ൏ ͲǤͺ) leads to efficiency calculation and correcting, as well as non-dimensional coefficients of pressure 
and flow rate.  
The aim of the work was to establish the entry conditions influence into impeller through the attack angle change 
along the blade height to integral stage gas-dynamic parameters (efficiency, coefficients of pressure and flow rate) 
in the regulation by rotor speed and turning the IGV blades and receiving recommendations to improve the 
compressor operation efficiency under regulation modes. 
2. Study subject 
Study subject was centrifugal compressor stage with axial inlet guide vane unit (IGVU), semi-open axial-radial 
impeller (I), vaned diffuser (VD) and axial ring-type diffuser. 
Basic impeller parameters are: outer diameter is ܦଶ ൌ ͲǤʹ͸ͺ݉ ; impeller-width ratio on outlet is         
ܾଶ ܦଶൗ ൌ ͲǤͲʹͺͷǢ  outlet angle of vanes is ܾ௕మ ൌ ͹ͳǤ͵ι , number of vanes is ݖଶ ൌ ͵ʹ ; hub-tip ratio is         
ܦ୦୳ୠ ܦଶൗ ൌ ͲǤ͵ͺ͹Ͷ; inlet diameter of the vanes peripheral part to outer diameter ratio is 
ܦଵ ܦଶൗ ൌ ͲǤͷ͸ͳͺ. Initially 
the IGV blades are turned chordwise to ߠ௕଴ ൌ ൅ʹͷǤʹι and tangent towards to the vane median line in its outlet 
section to ߠ௕଴ ൌ ൅͵ͻǤͺ. 
The centrifugal stage scheme is shown in Fig. 1, 3D model of the impeller with IGV blade system is shown in 
Fig. 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. 3D model of the impeller and 
inlet guide vane unit. 
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3. Methods 
The centrifugal stage tests results  were used, adjusted GDC were obtained for 7 rotation speed values and 8 
states of IGV blades relatively its starting position: ߜߠ௕ ൌ Ͳ°ǡ െͷ°ǡ െͳͲ°ǡ െͳͷ°ǡ ൅ͷ°ǡ ൅ͳͲ°ǡ ൅ͳͷ°ǡ ൅ʹͲ°. 
Adjusted rotor speed numbers and appropriate to them velocity speeds ቀ ଶܷ ൌ
గ஽మ௡ೝ೐ೡ
଺଴ ቁ and call Mach numbers 
ሺܯ௎ ൌ ሺܴ݇ ௜ܶሻ଴ǡହሻ are in Table 1. 
Table 1. Rotor speed values during testing the compressor stage.  
№  Mark  Adjusted rotor speed, 
rpm 
Share relative 
frequency 1 
Peripheral speed U2, 
m/s 
Call Mach number, 
МU 
1 nadjusted1=n*rev 38940 1.000 546.4 1.592 
2 nadj2 37538 0.964 526.8 1.535 
3 nadj3 36136 0.928 506.0 1.474 
4 nadj4 35058 0.901 492.3 1.434 
5 nadj5 33683 0.865 472.7 1.377 
6 nadj6 30840 0.792 433.3 1.262 
7 nadj7 28076 0.721 394.0 1.148 
 
GDC for the turning angle of the IGV blades ߜߠ௕ ൌ ൅ͳͷι in the examined range of rotation numbers from 
experimental data total amount are shown in Fig. 3. Mode lines are plotted on GDC, corresponding to the same 
throttle position; line modes 1 corresponds to the maximum value of the isentropic (polytropic) efficiency. 
Calculated analysis of flow structure into I inlet cross-section considering different methods of regulating the 
inlet flow angle calculation to I blades was completed for different cross-sections along its height (hub section 
j=hub, central or middle section j=mid and peripheral section j=per). 
> @ )90(1(1 1)(1)(1)(1 TE  tgCUarctg jzjj
, degree (1) 
where ߠଵ ൌ ߠ௕଴ ൅ ߜߠ௕ െ ߜଵ is outlet flow angle from IGV latticework counted from rotation direction axis (z-
direction); ߜଵ is flow gap angle; recommendations for its determining are given in [1] 
Further, if we know geometry changing of I blade profile in cross-section 1-1 i.e. the blade setting angle 
dependence radially, ߚ௕ଵ ൌ ݂ሺܴሻthen attack angles at the flow inlet to the impeller blade system are ǡ  
݅ଵሺ௝ሻ ൌ ߚ௕ଵሺ௝ሻ െ ߚଵሺ௝ሻ, degree  
When calculating the angles β1(j)  by formula (1) an  assumption was made  that the absolute velocity expenditure 
component is changed little to the blade height so we can assume Cz1(j=hub…п)=const. It follows from the detailed flow 
structure analysis in the axial-radial impeller conducted [3-5] and is published in [6]. 
Stage parameters were considered as the calculated (nominal) mode; they were obtained for n*rev = nrev=38940 
rpm (MU=1.592) and for initial position of IGV blades θb0=39.8° (δθb = 0°) at a certain position of the throttle, where 
the maximum stage efficiency  η*п=max was achieved. This mode corresponds to attack angles in the hub section 
i*1hub=-3.1ͼ; in the middle section i*1mid=+2.7ͼ; on the periphery i*1per=+4.9ͼ. 
Each regulation method application leads to changing the attack angles relative to the values in the nominal mode 
defined as: 
)(1
*
)(1)(1 jjbj iii  '
 , degree. 
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4. Results 
The results of attack angles changing analysis for three cross-sections to the blade height are shown in Fig. 5, 
calculations for one of the examined mode lines are presented there, namely ml.1 (Fig.3-4), corresponding to the 
points with maximum efficiency value. 
The diagram shows an increase of the attack angles Δi1 relative zero value occurs: 
x with increasing positive flow spin at high speed; 
x with decrease rpm at low positive spin δθb=+5…+10°. 
Conversely, flow vortex increase δθb=+15…+20° leads to reduce the attack angles Δi1 at low rotational speed 
nrev/nrev
* = 0.793…0.721. 
Moreover, it should be noted that the impeller blades hub section is the most sensitive to the control action, the 
average section has less level, and the peripheral section has the least level. The difference in the attack angles 
reaches 10-11° between the hub section and the peripheral section of  I blades. 
The tendency towards attack angles changing in the impeller input cross-section is reflected on the changing 
nature of adiabatic and polytropic efficiency (Fig 6), i.e., increasing attack angles, especially it is noticeable for the 
hub section leading to stage efficiency decrease. 
We know that besides attack angles and, therefore, shock losses and flow separation losses in I blades, value 
efficiency is affected with friction losses; they increase with increasing flow velocities in the blade latticework. 
Though it is especially noticeable for the initial position of IGV blades δθb = + 0 °, efficiency increases with 
increasing speed (flow rate) which is obviously connected with predominant attack angles influence. 
 
Fig. 3.Gas-dynamic characteristics of centrifugal stage for IGV blades 
set to the initial position (angle ߜߠ௕ ൌ Ͳ°ሻ in     rotation speed range ௡ೝ೐ೡ
௡ೝ೐ೡכ
ൌ ͳǤͲǥͲǤ͹ʹͳ from the nominal 38.940 rpm and mode lines: .ml. 
1 (efficiency is maximum); ml. 2; ml. 3. 
 
Fig. 4. Gas-dynamic characteristics of centrifugal stage for 
IGV blades turned to the angle ߜߠ௕ ൌ ൅ͳͷ° in  rotation speed 
range 
௡ೝ೐ೡ
௡ೝ೐ೡכ
ൌ ͳǤͲǥͲǤ͹ʹͳ from the nominal 38.940 rpm and 
mode lines: ml. 1 (efficiency is maximum); ml. 2; ml. 3. 
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Fig 5.Changing the attack angle at the impeller 
inlet with changing the rotation angle of  IGV blades 
δθb=+5…+20° and  rotation speed nrev/nrev* = 
1.0…0.721. 
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Fig. 6. Changing the stage efficiency for nomianl mode line  with changing the 
rotation angle of IGV blades δθb=+5…+20° and rotation speed nrev/nrev* = 1.0…0.721. 
Thus, the common factors of changing in attack angles and the centrifugal stage efficiency on regulation modes 
can be useto d solve two problems: 
x For greater certainty of CC GDC recalculation methods in new operating conditions at combined regulation and 
to obtain two-parameter correction dependencies δηp = ηp/η*p = f[(nrev/n*rev); δθb]; for introduction the allowance 
to efficiency as  
*
ppp KGKK  
 
x Development of constructive solutions aimed at improving the design of IGV blade letticework, allowing 
changing the vortex angle of blade unevenly long its height from the hub section to the peripheral section [7]. 
5. Conclusion  
The obtained results of experimental data manipulation considering the spatial distribution of flow parameters 
along the blade height allow to generate recommendations for constructive improvement of the blade inlet guide 
vane unit for maintaiing a non-uniform flow vortex in front of the impeller, thereby increasing the efficiency stage 
in the regulation modes. Furthermore, the obtained data are necessary for developing corrected methods for 
theoretical calculating the GDC when changing the flow vortex in front of the impeller,  created with IGV blades 
rotating and when changing the rotor speed. 
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